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Summary 
Here we report the isolation of a rat cDNA clone, Jag- 
ged, which we show encodes a ligand for vertebrate 
Notch. Our conclusion is based on three observations. 
First, sequence analysis reveals substantial homology 
between Jagged and invertebrate ligands for the LIN- 
12/Notch proteins. Second, in situ hybridization of rat 
embryos identifies both distinct and overlapping pat- 
terns of gene expression for Jagged with those for 
Notch1, Notch2, and Notch3. Finally, the biological 
activity of Jagged was tested using a cell culture assay 
in which Jagged activates rat Notch1 expressed in my- 
oblasts and prevents muscle cell differentiation. Our 
data support the hypothesis that Notch-Iigand interac- 
tions function in maintaining mammalian cells in an 
undifferentiated state. 
Introduction 
Cell-cell interactions regulate cell fate and pattern forma- 
tion in the embryo by influencing temporal and position- 
dependent differentiation (reviewed by Gurdon, 1992). 
The LIN-12/Notch family of transmembrane receptors is 
believed to play a central role in development by regulating 
cell fate decisions in invertebrates (reviewed by Artavanis- 
Tsakonas and Simpson, 1991; Greenwald and Rubin, 
1992). In Drosophila, Notch belongs to a group of at least 
seven neurogenic genes that mediate cell fate decisions 
during development (reviewed by Artavanis-Tsakonis and 
Simpson, 1991). Extensive genetic analyses of the Notch 
locus have revealed that it functions during postembryonic 
development of eyes, bristles, sensillae, muscles, and 
wings (reviewed by Muskavitch and Hoffmann, 1990), sug- 
gesting that Notch is required for many developmental 
decisions. Such pleiotropic activity has led to the hypothe- 
sis that Notch may interact with many different ligands 
and that the Notch signal alone does not directly specify 
cell fate but rather inhibits specific signals required for 
cell-type specification (reviewed by Fortini and Artavanis- 
Tsakonas, 1993). 
Vertebrate homologs of Notch have been cloned from 
Xenopus, human, rat, mouse, and zebrafish (Coffman et al., 
1990; Ellisen et al., 1991; Weinmaster et al., 1991, 1992; 
Franco del Amo et al., 1992; Reaume et al., 1992; Lardelli 
and Lendahl, 1993; Kopan and Weintraub, 1993; Bierkamp 
and Campos-Ortega, 1993; Lardelli et al., 1994). To date, 
three Notch homologs, Notch1, Notch2, and Notch3, have 
been identified in mammals (Weinmaster et al., 1991, 1992; 
Franco del Amo et al., 1992; Reaume et al., 1992; Kopan 
and Weintraub, 1993; Lardelli et al., 1994). Like Drosophila 
Notch, the vertebrate Notch genes are expressed in a vari- 
ety of tissues during development and in the adult, sug- 
gesting that they perform multiple functions. Furthermore, 
targeted disruption of the Notch1 gene in mice results in 
widespread cell death and embryonic lethality before 11.5 
days of gestation, demonstrating an essential role forNotchl 
during development (Swiatek et al., 1994). Although Notch1 
function is clearly required for normal development in 
mammals, the molecular mechanisms by which Notch reg- 
ulates cell type differentiation are unknown. 
The extracellular domain of Notch is thought to interact 
with a ligand and thereby regulate downstream signaling 
events required for cell type-specific gene expression. 
Genetic studies have implicated various gene products as 
ligands for the LIN-12/Notch family of receptors: Delta, 
Serrate, wingless, and scabrous in Drosophila (reviewed 
by Muskavitch and Hoffmann, 1990; Baker et al., 1990; 
Cuoso et al., 1994) and LAG-2 and APX-1 in Caenorhab- 
ditis elegans (Tax et al., 1994; Henderson et al., 1994; 
Mello et al., 1994). Delta, Serrate, LAG-2, and APX-1 are 
all characterized by the presence of a conserved motif 
in the extracellular domain, known as the DSL domain 
(named for Delta, Serrate, and LAG-2; Tax et al., 1994), 
followed by one or more epidermal growth factor (EGF)- 
like motifs. The Delta locus in Drosophila encodes a mem- 
brane-spanning protein containing nine tandem repeats 
of EGF-like motifs in its extracellular domain (reviewed by 
Muskavitch and Hoffmann, 1990). The genetic evidence 
that Notch and Delta interact is supported by the findings 
that Delta and Notch are coexpressed within developing 
tissues and that Delta is colocalized with Notch in intracel- 
lular vesicles (Kooh et al., 1993). Furthermore, nonadher- 
ent Drosophila $2 cells expressing Notch aggregate with 
$2 cells expressing Delta (Fehon et al., 1990), providing 
direct evidence that Delta and Notch interact. The Serrate 
gene of Drosophila encodes a protein similar in structure 
to the Delta gene product, except hat it has five additional 
EGF-like repeats followed by a cysteine-rich region in its 
extracellular domain (Fleming et al., 1990; Thomas et al., 
1991). Like Delta, Serrate also interacts at the protein level 
with Notch in cell aggregation experiments (Rebay et al., 
1991). These in vitro assays demonstrate direct protein- 
protein interactions between Notch and its proposed li- 
gands; however, the intracellular events that follow these 
interactions are less clear. 
Although at least three Notch genes have been cloned in 
mammals, ligands that bind and activate these receptors 
have yet to be reported. The fact that multiple ligands for 
a single Notch protein have been identified in Drosophila 
raises the possibility that vertebrates possess a number 
of ligands that activate the different Notch isoforms. We 
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report here the cloning, distribution, and functional analy- 
sis of rat Jagged, a ligand for rat Notch1. We show that 
Jagged is most similar in structure to Serrate and is coex- 
pressed with Notch during development. To date, only cell 
aggregation assays or ectopic expression of constitutively 
active truncated forms of Notch have been used to address 
Notch function (reviewed by Fortini and Artavanis-Tsa- 
konas, 1993). We now describe an in vitro assay in which 
Notch is activated by ligand binding. Using a coculture 
assay, we demonstrate that Jagged can activate Notch in 
myoblasts, affecting both gene expression and phenotype 
of the responding muscle cells, thereby preventing cell 
differentiation. 
Results 
Jagged Encodes a Transmembrane Protein with 
Structural Similarities to Drosophila Serrate and 
Delta and C, elegans LAG-2 and APX-1 
A rat Schwann cell eDNA library was screened with a Xen- 
opus Notch eDNA probe that contained sequences encod- 
ing EGF-like repeats under low stringency hybridization 
conditions. This screen produced clones that were pre- 
viously shown to encode rat Notch1 and Notch2 (Wein- 
master et al., 1991, 1992), as well as the 5618 bp clone 
SN3, which is described herein• This clone was named 
Jagged, as it is most similar to, yet distinct from, Drosophila 
Serrate. The Jagged clone was found to carry a large open 
reading frame encoding a 1220 amino acid protein begin- 
ning with an initiator methionine at nucleotide 387 and 
ending with a termination codon at nucleotide 4049. The 
calculated relative molecular mass based on the concep- 
tual translation product is 135,000 Da. 
Hydropathy analysis (Kyte and Doolittle, 1982) of the 
deduced amino acid sequence of Jagged identified two 
hydrophobic domains: a predicted signal peptide se- 
quence of 31 residues at the amino terminus and a single 
putative transmembrane domain from amino acids 1069 
to 1094 (Figure 1). A search of the GenBank data base 
for proteins homologous to Jagged revealed similarities 
to Serrate and Delta. The overall identity of Jagged with 
Serrate was 40.7%, while the identity of Jagged with Delta 
was 33•8%. Figure 1B compares the overall protein struc- 
ture of the invertebrate LIN-12/Notch ligands with that of 
Jagged as determined from its predicted amino acid se- 
quence. The extracellular domain of Jagged contains a 
region of high homology with Serrate and Delta, including 
the DSL domain consensus sequence that has been iden- 
tified in Delta, Serrate, and the C. elegans proteins LAG-2 
and APX-1 (Tax et al., 1994; Mello et al., 1994). Alignment 
of amino acids 33-230 of Jagged with amino acids 81- 
279 of Serrate revealed a 44.3% identity. Alignment of 
the same region of Jagged with amino acids 23-226 of 
Delta revealed 39.8% identity, while alignment of these 
regions of Delta and Serrate revealed 39.5% identity. The 
sequences upstream of the DSL regions of APX-1 and 
LAG-2 did not show homology with Jagged, Delta, or Ser- 
rate. An alignment of the DSL regions of Jagged, Serrate, 
Delta, APX-1, and LAG-2 proteins is shown in Figure 1C. 
Even within the DSL consensus region, there is a much 
greater degree of conservation among Jagged, Serrate, 
and Delta than between those three proteins and the C. 
elegans proteins. 
Downstream of the DSL domain, Jagged encodes 16 
tandem EGF-like repeats, which are similar to those found 
in Serrate, Delta, and both Drosophila and vertebrate 
Notch amino acid sequences. Serrate contains 14 EGF- 
like repeats, while Delta has nine contiguous EGF-like re- 
peats. In the tenth EGF-like repeat of Jagged, there is an 
insertion that disrupts the regular spacing of these motifs. 
Serrate contains three insertions in its EGF-like repeat 
A 
B 
1 MRSPRTRGRP GRPLSLLLAL LCALRAKVCG ASGQFELEIL 
41 SMQNVNGELQ NGNCCAEPGT LVRPYKCTRD ECDTYFKVCL 
81 KEYQSRVTAG GPCSFGSGST PVIGGNTFNL KASRGNDRNR 
121 IVLPFSFAWP RSYTLLVEAW DSSNDTIQPD SI IEKASHSG 
161 MINPSRQWQT LKQNTGIAHF EYQIRVTCDD ~YYGFGCNKF 
201 CRPRDDFFGH YACDQNGNKT CMEGWMGPEC NKAIRQ~G~ 
241 PKHGSCKLPG DCRCQYGWQG LYCDKCIPHP GCVHGTCNEP 
281 WQCLCETNWG GQLCDKDLNY CGTHQPCLNR GTCSNTGPDK 
321 YQCSCPEGYS GPNCEIAEHA CLSDPCHNRG SCKETSSGFE 
361 CECSPGWTGP TCSTNIDDCS PNNCSHGGTC QDLVNGFKCV 
401 CPPQWTGKTC QLDANECEAK PCVNARSCKN LIASYYCDCL 
441 pGWMGQNCDI NINDCLGQCQ NDASCRDLVN GYRCICPPGY 
481 AGDHCERDID ECASNPCLNG GHCQNEINRF QCLCPTGFSG 
521 NLCQLDIDYC EPNPCQNGAQ CYNRASDYFC KCPEDYEGKN 
561 CSHLKDHCRT TPCEVIDSCT VAMASNDTPE GVRYISSNVC 
601 GPHGKCKSES C~GKFTCDCNK GFTGTYCHEN ENDCEGNPCT 
641 NGGTCIDGVN $YKCICSDGW EGAHCENNIN DCSQNPCHYG 
681 GTCRDLVNDF YCDCKN~WKG KTCHSRDSQC DEATCNNGGT 
721 CYDEVDTFKC MCPGGWEGTT CNIARNSSCL PNPCHNGGTC 
761 VVNGDSFTCV CKEGWEGPIC TQNTNDCSPH PCYNSGTCVD 
801 GDNWYRCECA PGFAGPDCRI NINECQSSPC AFGATCVDEI 
841 NGYQCICPPG HSGAKCHEVS GRS~ITMGRV ILDGAKWDDD 
881 CNTCQ.q.LNGRVACSKVWCGP RPCRLHKGHG ECPNGQSCI~ 
921 VLDDQCFVRP CTGAGECRSS SLQPVKTKCT SDSYYQDNC~ 
961 NITFTFNKEM MSPGLTTEHI CSELRNLNIL KNVSAEYSIY 
1001 
1041 
1081 
1121 
1161 
1201 
IAC~PSLSANNEIHVAISAE DIRDDGNPVK EITDKI IDLV 
$KRDGNSSLI  AAVAEVRVQR RPLKNRTDFL VPLLSSVLTV 
AWVCCLVTAF YWCVRKRRRK PSSHTHSAPE DNTTNNVREQ 
LNQIKNPIEK HGANTVPIKD YENKNSI~SK IRTHNSEVEE 
DDMDKHQQKV RFAKQPVYTL VDREEKVPQR TPTKHPNWTN 
KQDNRDLESA QSLNRMEYIV* 1220 
1 
I ~ I Jagged 
II ~iliili]] IMiJ ti[i]~i]l/NilI~t  ~ [ Serrate 
I ~,N~I~HN~ ~ I Delta 
Apx-1 
Lag-2 
Extra- Intra- 
cellular ce u ar 
C 
Jagged VTCDDHYYGFGCNKFC RPRDDFFGHYACDQNGNKTCMEGWMGPEC 
Serrate VQCAVTYYNTTCTTFCR PRDDQFGHYACGSEGQKLCLNGWQGVNC 
Del~ VTCDLNYYGSGCAKFCR PRDDSFGHSTC SETGE I ICLTGWQGDYC 
Apx-I NLCSSNYHGKRCNRYCIANAKL. .HWECSTHGVRRCSAGWSGEDC 
Lag-2 VTCARNYFGNRCENFCDAHLAKAARKRCDAMGRLRC D IGWHGPHC 
• .C. , .Y .... C. . .C ........... C. . .G. . .C. .GW.G..C 
Figure 1. Deduced Amino Acid Sequence and Structural Analysis of 
Rat Jagged 
(A) Predicted signal sequence (amino acids 1-21) and transmembrane 
domains (amino acids 1069-1094) are underlined with solid lines. The 
DSL domain is in bold type. The EGF-Iike repeat region is boxed. The 
cysteine-rich region is underlined with a broken line. The amino acid 
numbers are at the left. 
(B) Diagrammatic representation f structures of Jagged, Serrate, 
Delta, APX-1, and LAG-2. Hydrophobic stretches of amino acids are 
represented by closed boxes, the DSL domains are shown as checker- 
board boxes, the EGF-like repeats are stippled boxes, and the cyste- 
ine-rich regions are cross-hatched boxes. 
(C) Alignment of the DSL region of Jagged, Serrate, Delta, APX-1, 
and LAG-2. This alignment was generated using the Pileup program 
of the Genetics Computer Group. The identically conserved residues 
are depicted in bold type below the alignment. 
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Figure 2. Expression of Jagged in the Ventricular Zone and Ventral 
Motor Horns of the Developing Spinal Cord 
In situ hybridization ofsections from E11.5 (A) and E13.5 (C) rat embryo 
spinal cord in the thoracic region using a Jagged antisense riboprobe. 
Line drawings of the sections are presented alongside the photomicro- 
gaphs (B and D). In transverse sections of the spinal cord, Jagged 
transcripts appeared as bilaterally symmetrical stripes xtending from 
the lumen of the spinal cord to the lateral margins of the ventricular 
zone at four dorsoventral levels: on either side of the roof plate, just 
below the dorsoventral midpoint of the spinal cord, about four fifths 
of the distance from the roof plate to the floor plate, and lateral to the 
floor plate. This Jagged expression pattern in the spinal cord persisted 
throughout E11.5-E13.5 (and to E14.5; see Figure 3) with little change 
in the dorsoventral location. Expression of Jagged was not detected 
in the mantle layer. At E 11.5 a zone of Jagged expression was detected 
in the ventrolateral regions of the spinal cord (arrows in A), the pre- 
sumptive motor columns of the spinal cord, but was no longer observed 
in the ventral horns at E13.5 (arrows in [C]). Jagged expression was 
also detected in the dorsal root ganglia at E13.5. Abbreviations: drg, 
dorsal root ganglion; fp, floor plate; ml, mantle layer; vh, ventral horn; 
vz, ventricular zone, 
domain, in the fourth, sixth, and tenth repeats (Fleming 
et al., 1990; Thomas et al., 1991). The insertion in the 
tenth EGF-like repeat of Jagged bears no sequence ho- 
mology with any of the insertions in the EGF-like repeats 
of Serrate. Jagged also contains an extracellular cysteine- 
rich region that follows the EGF-like repeats, as does Ser- 
rate (Fleming et al., 1990; Thomas et al., 1991). A phyloge- 
netic tree was constructed using the Genetics Computer 
Group Pileup program for all the reported potential igands 
for LIN-12/Notch proteins (data not shown). This analysis 
suggested that Jagged is more closely related to Serrate 
than to Delta and that these three proteins are more closely 
related to each other than to the C. elegans proteins APX-1 
and LAG-2. The presence of several conserved structural 
domains indicates that Jagged is closely related to Ser- 
rate. However, the differences in the number of EGF-like 
repeats and the insertions in the EGF-like repeat domain 
Jagged Notch1 
Notch2 Notch3 
Figure 3. Expression of Jagged, Notch1, Notch2, and Notch3 in the 
E14.5 Spinal Cord and Dorsal Root Ganglia 
Sections through E14.5 rat embryo spinal cord in the lumbosacral 
region were hybridized to Jagged (A), Notch1 (B), Notch2 (C), and 
Notch3 (D) antisense riboprobes. In addition to the expression pattern 
described in Figure 2, a low level of Jagged expression was detected 
throughout he ventricular zone of the spinal cord (A). Notch1 tran- 
scripts were abundant in the entire length of the ventricular zone and 
extended from the luminal surface to the lateral margins of the ventricu- 
lar zone evenly throughout he dorsoventral axis of the spinal cord 
(B). Notch2 expression was stronger in luminal regions of the ventral 
half of the ventricular zone (C) and was also detected in the floor plate 
(arrow in [C]). Notch3 transcripts were observed in the entire thickness 
of the ventricular zone of the spinal cord, but more strongly in its ventral 
half, and were not detected in the floor plate (D). Expression of Jagged 
or any of the Notch genes was not detected in the mantle layer of 
E14.5 spinal cord. Transcripts for Jagged, Notch1, and Notch3 were 
also colocalized in the dorsal root ganglia (A, B, and D). 
argue against classifying rat Jagged as a Drosophila Ser- 
rate homolog. 
Jagged and the Notch Genes Are Coexpressed 
in the Developing Spinal Cord 
Northern blot analysis using the JaggedcDNA as a probe 
detected a single mRNA transcript of about 6.5 kb in a 
variety of adult rat tissues and in whole embryonic day 11.5 
(El 1.5) and E12.5 rat embryos, with a similar distribution to 
Notch1 mRNA (Weinmaster et al., 1992; data not shown). 
To determine whether Jagged and any of the Notch genes 
were coexpressed in the nervous system during develop- 
ment, we exam ined rat embryos using in situ hybridization. 
Jagged transcripts were detected in E11.5-E14.5 em- 
bryos in four distinct regions of the ventricular zone in the 
developing spinal cord (Figures 2 and 3A). In transverse 
sectionsl Jagged transcripts appeared as bilaterally sym- 
metrical stripes extending from the lumen of the spinal 
cord to the lateral margins of the ventricular zone at four 
dorsoventral evels: on either side of the roof plate, just be- 
low the dorsoventral midpoint of the spinal cord, about four 
fifths of the distance from the roof plate to the floor plate, 
and lateral to the floor plate (Figure 2). The signal in the 
dorsal spinal cord increased in intensity from E l l .5  to 
E14.5 (compare Figure 2A with Figures 2C and 3A). This 
pattern of Jagged expression in the spinal cord persisted 
throughout E11.5 to E14.5 with little change in the dorso- 
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ventral location of the expression (Figures 2 and 3). In 
sections of E14.5 spinal cord, we observed a low level 
of Jagged expression throughout he ventricular zone in 
addition to the aforementioned stripes (Figure 3A). At 
E11.5 we observed a zone of Jagged expression in the 
ventrolateral regions of the spinal cord (arrows in Figure 
2A), the presumptive ventral motor columns. This expres- 
sion was strongest in spinal cord sections at the level of 
the limb buds (data not shown). At E13.5, Jagged mRNA 
was no longer detected in the ventral motor columns 
(arrows in Figure 2C). 
The expression of Jagged in the spinal cord at the lumbo- 
sacral level (Figure 3A) was similar to that described in 
spinal cord sections at the thoracic level (compare with 
Figure 2), indicating that this striped expression pattern is 
continued throughout the length of the spinal cord. Notch 1 
transcripts were abundant in the entire length of the ven- 
tricular zone of the spinal cord and extended from the 
luminal surface to the lateral margins of the ventricular 
zone evenly throughout he dorsoventral axis, excluding 
the floor plate (Figure 3B). In contrast, Notch2 expression 
in the E14.5 spinal cord was stronger in luminal regions 
of the ventral half of the ventricular zone, although there 
was a low level of expression throughout he ventricular 
zone (Figure 3C). In addition, Notch2 transcripts were de- 
tected in the floor plate (arrow in Figure 3C). Notch3 tran- 
scripts were observed in the entire thickness of the ventric- 
ular zone of the spinal cord, but more strongly in its ventral 
half, and were not detected in the floor plate (Figure 3D). 
Within the spinal cord epithelium, expression of Jagged 
and the Notch genes was restricted to the ventricular zone, 
in which neural precursors are still proliferating and have 
not yet differentiated. The more lateral mantle layer, to 
which postmitotic neurons migrate, was devoid of signal 
for Jagged and the Notch genes. 
Jagged, Notch1, and Notch3 were also colocalized to 
the dorsal root ganglia at E14.5 (Figures 3A, 3B, and 3D). 
In addition, we have detected expression of Jagged in 
other tissues during embryonic development in the rat, 
including the eye, ear, kidney, pancreas, limb bud, and 
skin. A comprehensive analysis of Jagged expression in 
the prenatal rat will be presented elsewhere. 
Functional Analysis of Jagged 
The sequence and expression patterns of Jagged sug- 
gested that Jagged may encode a ligand for Notch. Acti- 
vated, ligand-independent forms of Drosophila Notch can 
be produced by either deleting the extracellular domain 
or by expressing the cytoplasmic domain untethered to 
the cell membrane (reviewed by Fortini and Artavanis- 
Tsakonis, 1993). Overexpression of similar Notch1 con- 
structs in C2C12 cell lines suppresses the differentiation 
of the muscle cells when cultured under conditions that 
normally induce their differentiation (Kopan et al., 1994; 
C. E. L. et al., unpublished data). Since activated forms 
of Notch can prevent muscle cell differentiation, we asked 
whether this same phenotype could be induced by Notch 
as a result of ligand binding. 
To test this hypothesis, we designed a cell culture assay 
for ligand-induced Notch activation. The assay measures 
L JT 
200 kD 
.JaggedT 
m 120 kD 
Figure 4. Jagged Is Expressed on the Surface of JT Cells 
An L cell line stably overexpressing Jagged tagged with a hemaggluti- 
nin epitope tag (JT cells) was labeled by cell surface iodination. As a 
control, parental L cells were also labeled. Cell lysates in RIPA buffer 
were immunoprecipitated using a polyclonal antiserum directed 
against he hemagglutinin epitope (HA.11 antiserum at 1:500). Immu- 
noprecipitates were analyzed by SDS-PAGE (6%) and autoradiogra- 
phy for 7 days at -70°C with an intensifying screen. The migration 
positions of protein size standards are shown on the right. A protein 
of approximately 150 kDa was specifically immunoprecipitated from 
the JT cells. 
the ability of Jagged-expressing cells to interact with and 
inhibit the differentiation of Notchl-expressing C2C12 
cells. We constructed a mouse Ltk- fibroblast cell line over- 
expressing a full-length construct of Jagged tagged with 
a triple tandem repeat of an influenza virus hemagglutinin 
epitope to allow immunodetection of the Jagged protein 
(JT cells). Surface iodination of JT cells confirmed that the 
Jagged cDNA encodes a protein with an apparent molecu- 
lar mass of around 150 kDa that is localized to the cell 
surface (Figure 4). Our assay involved coculturing either 
the JT cells or the parental mouse L cell fibroblasts with 
either C2C12 myoblasts expressing full-length rat Notch 1 
(N1 cells) or with the parental C2C12 cells. The C2C12 
cells were then challenged to differentiate by changing the 
culture medium from Dulbecco's modified Eagle's medium 
(DMEM) containing fetal bovine serum (growth medium) 
to DMEM containing horse serum (fusion medium). In the 
presence of horse serum, C2C12 cells normally become 
aligned and then fuse with each other to form myotubes. 
This morphological differentiation is brought about by the 
induction of muscle regulatory genes. The MyoD family 
of regulatory genes (MyoD, myogenin, myf-5, and MRF-4; 
reviewed by Weintraub, 1993) specify muscle cell fate by 
regulating the expression of muscle structural genes (such 
as myosin light chain 2 [MLC2]) that are required for the 
development of a muscle cell. 
In this assay, C2C12 cells and N1 cells grew as my- 
oblasts in growth medium (Figures 5A and 5E), but when 
cultured in fusion medium, they aligned with each other 
and fused to form myotubes (Figures 5B and 5F). There- 
fore, overexpression of Notch1 did not perturb the normal 
differentiation of C2C12 cells. C2C12 cells cocultured with 
Jagged: A Mammalian Ligand for Notch 
913 
Growth medium 
Fusion medium 
+ L cells 
+ JT cells 
for photomicrography. The round, refractile cells seen in 
the cocultures are residual L cells after the washing (Fig- 
ures 5C, 5D, 5G, and 5H). It was difficult to wash the JT 
cells away from the N1 cells after coculture, suggesting 
that there may be increased adhesion between JT cells 
and N1 cells compared with the other coculture combina- 
tions; however, short-term cell adhesion assays will be 
required to address this issue more fully. 
In light of the observed inhibition of fusion when N1 
and JT cells were cocultured, we wanted to exclude the 
possibility that the lack of fusion was due to a nonspecific 
physical interaction between these two cell types. In partic- 
ular, we wanted to determine that the suppression of mor- 
phological muscle cell differentiation induced by the Jag- 
ged-Notch interaction was associated with a repression 
in expression of muscle-specific genes. Northern blot anal- 
ysis of RNA from the cocultured cells demonstrated that 
the expression of myogenin and MLC2 was decreased in 
the nonfused muscle cells compared with the fused mus- 
cle cells (Figure 6). When cultured in growth medium, nei- 
ther C2C12 cells nor N1 cells expressed myogenin or 
MLC2, whereas when these cells were cultured in fusion 
medium, they expressed both of these genes, consistent 
with their differentiated phenotype. Similarly, C2C12 cells 
cocultured with either parental L cells or JT cells and N1 
cells cocultured with parental L cells all fused in fusion 
medium and also expressed high levels of both myogenin 
and MLC2. In contrast, when N1 cells were cocultured 
with JT cells, the induction of muscle-specific genes was 
Figure 5. Jagged-Expressing Cells Prevent Differentiation of Notchl- 
Expressing C2C12 Cells 
L cells overexpressing Jagged tagged with a hemagglutinin epitope 
tag (JT cells) or parental L cells (L cells) were cocultured with C2C12 
cells overexpressing Notch1 (N1 cells) or parental C2C12 cells 
(C2C12) for 2 days in growth medium and then for5 days in fusion 
medium. Photomicrographs were taken after washing the cells three 
times with PBS to remove the nonadherent L cells. C2C12 cells cul- 
tured alone in growth medium or fusion medium are shown in (A)and 
(B), respectively. N1 cells cultured alone in growth medium or fusion 
medium are shown in (E) and (F), respectively. C2C12 cells cocultured 
with L cells or JT cells are shown in (C) and (D), respectively. N1 cells 
cocultured with L cells or JT cells are shown in (G) and (H), respectively. 
the parental L cell line (Figure 5C) or with JT cells (Figure 
5D) also formed myotubes when cultured in fusion me- 
dium, demonstrating that neither L cells nor JT cells non- 
specifically inhibited muscle cell differentiation. Similarly, 
N1 cells fused when they were cocultured with parental 
L cells (Figure 5G). In contrast, N1 cells cocultured with 
JT cells did not align with each other, nor did they fuse 
(Figure 5H), indicating that their morphological differentia- 
tion was specifically inhibited by the presence of JT cells. 
This experiment demonstrates that muscle cell fusion was 
specifically inhibited by the interaction of Jagged-express- 
ing cells with Notchl-expressing C2C12 cells. 
After coculture, the cells were washed three times with 
phosphate-buffered saline (PBS) to remove the layer of L 
cells to facilitate observation of the C2C12 cell monolayer 
28S - -  
18S- -  
GM FM GM FM 
+ + 
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MLC2 
28S - -  
18S  - -  
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Figure 6. Activation of Notch1 by Jagged Inhibits Expression f Mus- 
cle Regulatory and Structural Genes in C2C12 Cells Overexpressing 
Notch 1 
Parental C2C12 cells (C2C12) or C2C12 cells stably overexpressing 
Notch1 (N1 cells) were cultured in growth medium (GM) or fusion me- 
dium (FM). C2C12 cells or N1 cells were cocultured in fusion medium 
with either parental L cells or L cells stably overexpressing Jagged 
(JT cells). Total RNA was isolated and analyzed by Northern blot analy- 
sis (10 i~g/lane) using myogenin and MLC2 random-primed cDNA 
probes. 
(A) Northern blot probed for myogenin and MLC2. The positions of 
the 28S and 18S ribosomal RNA bands are indicated on the left. 
(B) Methylene blue-stained blot before probing to show transfer of 
RNA. The positions of the 28S and 18S ribosomal RNA bands are 
indicated on the left. 
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strongly repressed, concordant with their nonfusing phe- 
notype. These results demonstrate that coculture of 
Notchl-expressing C2C12 cells with Jagged-expressing 
L cells specifically inhibits not only their morphological 
change but also their biochemical differentiation. 
Discussion 
Similarity of Jagged to Serrate, Delta, LAG-2, 
and APX-1 Suggests a Role for Jagged 
as a Ligand for Notch 
A family of potential igands for the LIN-12/Notch proteins 
(Mello et al., 1994; Tax et al., 1994; Henderson et al., 1994; 
Thomas et al., 1991; Fleming et al., 1990; Kopczynski et 
al., 1988) appears to be defined by the presence of a DSL 
domain followed by EGF-like motifs in the extracellular 
domain. Mutational analysis suggests that both the DSL 
and EGF-like motifs are important for ligand-receptor in- 
teraction and function (Henderson et al., 1994; Lieber et 
al., 1992). 
In the DSL family, only Jagged and Serrate contain a 
cysteine-rich region after the EGF-like repeats. Other than 
the presence of cysteine residues, these domains do not 
have significant homology with each other. The function 
of the cysteine-rich domain is unknown, but it is apparently 
unnecessary for binding of a ligand to Notch, as cells ex- 
pressing Delta, which lacks a cysteine-rich region, can 
bind to Notch-expressing cells. In fact, binding of Serrate 
to Notch is weaker than the Delta-Notch interaction (Re- 
bay et al., 1991), which raises the possibility that the cyste- 
ine-rich region may modulate the ligand-receptor inter- 
action. The cytoplasmic domain of Jagged bears little 
resemblance to the cytoplasmic domains of other pro- 
posed ligands for LIN-12/Notch family members, nor does 
the cytoplasmic sequence identify any other proteins in 
the data base. 
Jagged and the Notch Genes Are Coexpressed 
and Coordinately Down-Regulated in the 
Developing Spinal Cord 
A working hypothesis is that the role of Notch during devel- 
opment is to maintain cells in an undifferentiated state until 
they are competent o receive specific signals required for 
cell-type specification (reviewed by Fortini and Artavanis- 
Tsakonis, 1993). The expression of Notch in a variety of 
developing tissues supports the concept that this gene 
regulates the differentiation of many different cell types. 
In keeping with the proposed function of Jagged as a li- 
gand for Notch, we found that the expression of Jagged 
overlapped that of the Notch genes in the developing spi- 
nal cord, as well as in other developing tissues. In this 
paper, we have described a dorsoventrally restricted ex- 
pression pattern within the developing spinal cord for Jag- 
ged, a ligand that can activate Notch. 
The neurons of the developing rat spinal cord are pro- 
gressively generated along ventrodorsal and rostrocaudal 
gradients, between days 11 and 16 of gestation (Altman 
and Bayer, 1984; Nornes and Das, 1974). After the final 
mitotic division, the neuroblasts differentiate, and the 
newly generated neurons migrate outward radially within 
the spinal cord until they reach their final destination in 
the mantle layer of the spinal cord. The coexpression of 
Jagged and the Notch genes in the ventricular zone of 
the spinal cord during the period of neuronal generation 
suggests that the Notch-Jagged interaction may result in 
the early restriction of a distinct set of neural precursors 
to a designated fate. The absence of Jagged and Notch 
expression in the mantle layer indicates that these genes 
are down-regulated coordinate with the onset of differenti- 
ation. 
Although not strict, there is a temporal gradient for spinal 
cord neuronal generation in the ventrodorsal direction (AIt- 
man and Bayer, 1984; Nornes and Das, 1974). The expres- 
sion of Jagged in the spinal cord seems to follow the ventral 
to dorsal pattern. That is, at E l l .5 ,  the ventral stripe is 
prominent, and the dorsal stripe is less apparent, whereas 
by E14.5 the ventral stripe is diminished, while the dorsal 
stripe is more obvious. This implies that Jagged expres- 
sion is associated with the time of origin of spinal cord 
neurons. 
The motor neurons are among the first spinal cord neu- 
rons to differentiate (Altman and Bayer, 1984; Nornes and 
Das, 1974). They originate between E l l  and E13 from 
progenitor cells in the ventral spinal cord that initially have 
the capacity to become other neuronal cell types as well 
as glial cells. Prospective motor neurons migrate radially 
from the neural tube epithelium near the floor plate to the 
ventrolateral aspects of the neural tube, the presumptive 
ventral horns of the spinal cord. The expression of Jagged 
in a defined grou p of ventricular zone cells on either side of 
the floor plate during the time of motor neuron generation 
implies that Jagged is marking a population of cells des- 
tined to become spinal motor neurons. Jagged expression 
is also detected in the newly generated spinal motor neu- 
rons at E l l .5  but is absent from the ventral motor horn 
2 days later in development. This indicates that Jagged 
expression is down-regulated upon motor neuron differen- 
tiation in vivo. 
We also find Jagged mRNA in the dorsal regions of the 
ventricular zone, lateral to the roof plate, starting on E13.5. 
Cells in the dorsal neural tube of the chick have the poten- 
tial to form either neurons or neural crest cells (Scherson 
et al., 1993). We have observed expression of Jagged in 
at least two cell types derived from the neural crest, the 
dorsal root ganglion cells and Schwann cells (Jagged was 
cloned from a neonatal Schwann cell library). The signifi- 
cance of Jagged expression in the dorsal neural tube re- 
quires further investigation; however, one possibility is that 
a Notch-Jagged interaction is required to keep these cells 
in a bipotential state until their fate is determined as either 
neural crest cells or other neural tube derivatives. The fate 
of the cells marked by the two stripes of Jagged expression 
between the floor plate and roof plate is unclear, as mark- 
ers that unequ ivocally identify the fate of cells in this region 
have not been reported. By virtue of their position, the cells 
marked by these stripes may represent the precursors of 
intermediate gray neurons that are destined for specific 
laminae within the gray matter of the adult spinal cord, 
although this requires further investigation. 
Striped expression patterns reminiscent of Jagged ex- 
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pression in the embryonic spinal cord are also displayed 
by Mash-1 and Xash-3, vertebrate homologs of Drosophila 
achaete-scute complex genes (Guillemot and Joyner, 
1993; Zimmerman et al., 1993), suggesting roles for these 
genes in patterning of the spinal cord. The finding that the 
expression of Jaggedand Mash-1 coincide temporally and 
partially overlap spatially raises the possibility that these 
genes may be involved in the same cellular pathway. This 
speculation arises from the suggestion that Notch re- 
presses the achaete-scute genes in Drosophila (reviewed 
by Ghuysen et al., 1993) and that an activated form of mouse 
Notch1 can inhibit the transactivating function of Xash-3 
(Kopan et al., 1994). In fact, the restriction of achaete- 
scute expression to neuronal cells in Drosophila is depen- 
dent on the cell-cell interactions that are mediated by 
Notch and Delta. A consequence of this interaction is the 
enhanced and continued expression of both achaete- 
scute genes and Delta in cells destined to adopt the neu- 
ronal fate. Perhaps interactions between Jagged and 
Notch also reg ulate the activity of the cognate rat achaete- 
scute proteins and, as a result, direct cell fate during rat 
spinal cord development. 
We do not know which of the Notch proteins acts as the 
receptor for the Jagged signal within the spinal cord. The 
expression patterns are different for the three Notch genes 
in the developing spinal cord, suggesting that they may 
receive and transduce signals in different regions of the 
spinal cord epithelium, resulting in the generation of spe- 
cific cell types. Another possibility, which does not rule 
out the previous scenario, is that there are other ligands 
for Notch that may be expressed in a temporally or spatially 
restricted pattern within the spinal cord. 
Activation of Notch1 by Jagged 
We have described a coculture assay for activation of 
Notch in which association of Notch-expressing C2C12 
myoblasts with Jagged-expressing L cells results in inhibi- 
tion of differentiation of the C2C12 cells, when cultured 
under conditions that normally induce their differentiation. 
Deletions or removal of the Notch extracellular domain 
mimic gain-of-function phenotypes previously character- 
ized for Drosophila Notch, suggesting that disruption of 
the ligand-binding domain generates a constitutively ac- 
tive form of Notch (reviewed by Fortini and Artavanis- 
Tsakonis, 1993). Notch proteins lacking the extracellular 
domains can also function as oncogenes, presumably ow- 
ing to ligand-independent activation of the receptor (Elli- 
sen et al., 1991 ; Gallahan and Callahan, 1987). In keeping 
with this, the expression of an extracellular deletion of 
Xenopus Notch appears to divert cell fate in Xenopus em- 
bryos in a manner consistent with an activated form (Coff- 
man et al., 1993). 
We have also found that deletions or removal of the 
extracellular domain of rat Notch1 can perturb muscle cell 
differentiation (C. E. L. et al., unpublished data). Here we 
show that this same "activated" Notch phenotype is also 
produced when Notchl-expressing muscle cells are cocul- 
tured with Jagged-expressing L cells, demonstrating acti- 
vation of Notch by a ligand, leading to a change in gene 
expression and cell phenotype. Our findings support the 
hypothesis that Jagged is an activating ligand for Notch. 
The events subsequent o Notch activation are less clear, 
although activation of Notch either by ligand binding or 
removal of the ligand-binding domain can suppress the 
expression and activity of the muscle regulatory genes 
MyoD, Myf-5 (Kopan et al., 1994), and myogenin (this pa- 
per), which in turn regulate the expression of such genes 
as myosin during myogenesis. Both Notch1 and Notch2 
are expressed in the condensing somites, from which the 
majority of muscles arise (Reaume et al., 1992; Swiatek 
et al., 1994), suggesting a function for mammalian Notch 
genes during somitogenesis or myogenesis. Although we 
have not detected expression of Jagged in presomitic 
mesoderm or developing somites, there may be other li- 
gands expressed in these tissues that activate Notch and 
thereby regulate muscle cell differentiation. 
The coculture assay described in this paper will allow 
investigation of the intracellular events required subse- 
quent to the cell-cell interactions mediated by Notch and 
its ligand that ultimately direct cell phenotype. A conse- 
quence of activation of the Delta-Notch signaling pathway 
in Drosophila is the repression of achaete-scute gene ex- 
pression. Also, Notch activation during muscle develop- 
ment in flies leads to the down-regulation of nautilus gene 
expression (Corbin et al., 1991 ; Bate et al., 1993), a homo- 
log of the vertebrate muscle-determining gene MyoD. This 
implies a common function for Notch in repressing the 
expression of basic-helix-loop-helix genes that are in- 
volved in cell differentiation. Our findings are consistent 
with this model, in that activation of Notch in muscle cells 
cocultured with Jagged-expressing cells resulted in down- 
regulation of the basic-helix-loop-helix muscle-determin- 
ing gene myogenin. 
There are two proposed ligands for Notch in Drosophila: 
Delta and Serrate. As there are at least three Notch genes 
in mammals, it is likely there is also a family of Notch 
ligands in vertebrates, probably including bona fide homo- 
logs of Drosophila Delta and Serrate. In the absence of 
a Serrate homolog with 14 EG F-like repeats, we have cho- 
sen not to name this gene Serrate, but to include it in 
the DSL family of ligands. We have isolated an additional 
member of the mammalian DSL family with homology to 
Jagged, but with a different expression pattern during rat 
embryonic development. We are currently determining 
whether this molecule also activates Notch in the coculture 
assay. Investigations on the specificity of the ligands for 
the different Notch proteins are also ongoing. It is possible 
that all the ligands may activate all the Notch isoforms 
and that specificity may be due to differential temporal 
and spatial expression of the ligands and receptors during 
development. Isolation of a mammalian ligand and the 
development of a cellular assay that detects the morpho- 
logical and molecular consequences of a Notch-ligand 
interaction will allow functional analysis of Notch in a mam- 
malian system. 
Experimental Procedures 
Cloning and Sequencing 
A rat Schwann cell cDNA library was hybridized to a 32P-labeled EcoRI 
fragment derived from the EGF-like repeat region of Xenopus Notch 
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clone X-2 (Coffman et al., 1990) as previously described (Weinmaster 
et al., t991). Clone SN3 contained 5618 bp of sequence, encom- 
passing a 386 bp 5' untranslated region, a 3663 bp open reading frame, 
and a 1569 bp 3'u ntranslated region. The clone was sequenced using 
the dideoxy chain termination method using the Sequenase 2.0 kit 
(United States Biochemical). Sequence analyses were performed us- 
ing the Genetics Computer Group software package (version 7). 
In Situ Hybridization 
For staging of pregnancy, the day of vaginal plug detection was desig- 
nated day E0.5. Rat embryos were fixed for 24 hr in 4% paraformalde- 
hyde in PBS, infiltrated for 24 hr with 10% sucrose in the fixing solution, 
then frozen by immersion in liquid nitrogen, and stored at -70°C until 
sectioned. Frozen sections (20 p.m thick) were cut on a cryostat and 
thaw-mounted onto Superfrost Plus microscope slides (Fisher Scien- 
tific). Digoxigenin-labeled antisense riboprobes for Jagged, Notch1, 
Notch2, and Notch3 were synthesized from linearized plasmid cDNA 
templates using T3 RNA polymerase. For detection of Jagged tran- 
scripts, an antisense riboprobe was synthesized from a plasmid 
(SN3ED) containing the 5' untranslated sequence and 1946 bp of the 
coding region subcloned in Bluescript SKII(-) (Stratagene). For detec- 
tion of Notch1 transcripts, an antisense riboprobe was made from 
a cDNA insert encoding 444 bp of Notch1 coding sequence in the 
cytoplasmic domain (SN6-7; Weinmaster et al., 1991). For detection 
of Notch2 transcripts, clone H 10-6 was used (Weinmaster et al., 1992), 
which contains Notch2 coding sequence from the thirtieth EGF-like 
repeat to the second CDC10 repeat. For detection of Notch3 tran- 
scripts, a 746 bp cDNA was amplified from poly(A) + RNA isolated from 
E13-E15 embryonic rat brains by reverse transcription-polymerase 
chain reaction (RT-PCR), using PCR primers based on the mouse 
Notch3 cDNA sequence (Lardelli et al., 1994), from the first to the 
eighth EGF-like repeat (sequence encoding amino acids 77-326). The 
PCR product was cloned into Bluescript SKII(-) and sequenced to 
confirm its identity and orientation. Riboprobes were hydrolyzed to 
reduce their lengths to less than 200 bases to facilitate tissue penetra- 
tion, and in situ hybridizations were done as previously described 
(Schaeren-Weimers and Gerfin-Moser, 1993). Sections were photo- 
graphed using Nikon Microphot FXA photomicrography equipment 
with differential interference contrast optics and Kodak Ektachrome 
160T color transparency film. 
Northern Blot Analysis 
RNA isolation and Northern blot analysis was performed as previously 
described (Weinmaster et al., 1991). After electrophoresis and transfer 
to nylon membranes (MSI), RNA (10 p.g/lane) was stained with methy- 
lene blue to verify that equal amounts of RNA were transferred. The 
myogenin probe corresponds to the 3' untranslated region of the mRNA 
from nucleotides 791-1486, and the MLC2 probe was a 700 bp EcoRI- 
EcoRI fragment. 
Cell Lines and Tissue Culture 
Cells were cultured in growth medium consisting of DMEM (GIBCO 
BRL) supplemented with 10% fetal bovine serum at 37°C in 5% CO2. 
For the C2C12 cell fusion assays, C2C12 or N1 cells were plated in 
100 I~m diameter tissue culture dishes in growth medium at a density 
such that they would be 70%-80% confluent he next day. Then, either 
parental L cells or JT cells (or no cells) were added at a density equal 
to the myoblast monolayer. These cells were cocultured in growth 
medium for 1 day, and then the medium was changed to DMEM con- 
taining 10% horse serum (fusion medium). The cells were cocultured 
for a further 5-6 days, changing half the medium each day to remove 
excessive numbers of L cells that proliferate under these culture condi- 
tions, unlike the C2C12 cells that normally differentiate. 
We constructed stable mouse C2C12 myoblast cell lines overex- 
pressing Notch1 (N1 cells). The generation and characterization of 
this cell line will be presented elsewhere, but in summary, we have 
confirmed by immunofluorescence that there is expression of Notch1 
on the cell surface by using rabbit polyclonal antibodies raised against 
Notchl-glutathione S-transferase fusion proteins (C. E. L. et al., un- 
published data). To make a Jagged protein that we could detect by 
immunological methods, we constructed a plasmid (pBOS-SN3T) con- 
taining the entire coding region of Jagged with a triple tandem repeat 
of the influenza virus hemagglutinin epitope YPYDVPDYA at the car- 
boxy-terminal subcloned into the expression plasmid pEF-BOS (Mizu- 
shima and Nagata, 1990). A stable mouse Ltk- fibroblast cell line (JT) 
overexpressing the hemagglutinin-tagged Jagged protein was con- 
structed by cotransfecting the plasmids pBOS-SN3T and HSV-tk into 
mouse Ltk- cells and selecting with HAT medium. 
IodinaUon of Cell Surface Proteins 
To demonstrate that the Jagged cDNA is correctly routed to the cell 
surface and that it produces a protein of the predicted size, we labeled 
the cell surface of live JT cells with l=Sl by the lactoperoxidase method. 
JT cells and L cells were maintained in DMEM supplemented with 
10% cosmic calf serum (HyCIone) at 37°C in 5% CO2. Labeled cells 
were lysed in RIPA buffer and immunoprecipitated with a polyclonal 
antiseum, HA.11 (1:500; BabCO), directed against the hemagglutinin 
epitope YPYDVPDYA. Immunoprecipitates were separated by 6% 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradio- 
graphed. 
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